H I G H L I G H T S
• Direct fabrication of the components with micro structured surfaces by digital light processing method.
• Digital Light Processing method was pushed to its limit for fabrication of the components with micro holes.
• Measurement of the components with micro holes present uniformity of the print in different areas of the structure.
• The printed substrate realized hydrophobicity on the hydrophilic materials (intrinsic contact angle of 65°).
• 3D dynamic impact behavior simulation for contact angle prediction was used to estimate wettability of the surface.
G R A P H I C A L A B S T R A C T a b s t r a c t a r t i c l e i n f o

Introduction
Manufacturing of the components with micro/nano-structured surfaces have been studied for more than a decade with various fabrication methods. Significance and application of such surfaces have been 
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Materials and Design j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / m a t d e s enhancing due to great functionality such as withstanding against severe abrasion [1] , corrosion resistance [2] , chemical industry separation [3] , self-cleaning [4] , antibacterial surfaces [5] , and dynamic fluids transportation [6] . Furthermore, hierarchical surfaces are also used in wallclimbing robots and grippers for other applications [7] [8] [9] . The fabrication of these types of features and the functionality of different designs are still challenging for industrial applications because of high production cost and low production efficiency in the prototyping phase. The fabrication technology of these surfaces have been advanced and evolved from traditional manufacturing to more advanced methods in industries.
Additive manufacturing process has undergone outstanding advancement recently and becomes more widespread in different industries for parts production. Particularly due to some advantages compared to traditional manufacturing techniques such as the possibility of fabricating complex geometries, the rational use of materials, the relatively low time consumption and the inherent user friendliness [10] . The vat photopolymerization method is currently used moderately in range of commercial and industrial sectors and can efficiently manufacture complex objects with low cost in a relatively short time [11] .
Several manufacturing approaches for fabrication and preparation of microstructured surfaces were investigated. The functional surfaces are frequently fabricated by nanotechnology to create technologically advanced products. However, manufacturing surfaces with microstructure features are generally time-consuming and not economical for mass production [12] . The conventional methods to manufacture microstructure features are for example photolithography, soft lithography, or combination of these two methods, as well as roll-to-roll UV embossing [13, 14] and hot embossing [15] . Alternative process chains recently investigated include: dip-transfer to manufacture a 3D printed mold applied to produce water-repellency surfaces [16] ; 3D direct laser writing used in two-photon polymerization to structure polymer materials [17] ; additive manufacturing (AM) method such as vat photopolymerization used for fabrication of polymer micro features [18, 19] . AM was also applied for fabrication of micro scale biomaterials with superior properties [20] and using powder-based additive manufacturing for processing metallic materials [21, 22] . Negative additive manufacturing was also applied for sacrificial molds used for casting negative copies for complex shapes [23] . Other methods such as subtractive laser machining process by a nanosecond pulsed fiber laser [24] and micro milling which have been used for several decades due their flexibility and productivity of the method for manufacturing of 3D micro components for diverse materials were applied [25] .
Various testing methods were employed on different AM structures in order to investigate the functionality of the surface such as experimental compression tests [26, 27] , microstructure and dynamic mechanical behavior [28] , drop-weight impact testing and rebound dynamics of a drop at various liquid viscosities [29, 30] . Moreover, component wettability is a factor to consider in the features fabricated by AM processes [31] . Alongside with the experimental studies, various approaches were applied to simulate flow and dynamic behavior [32, 33] . The wetting behavior of the water droplet impact on the structured surfaces is critical to understand the underlying mechanism of hydrophobicity and predict its contact angle. However, it is difficult to clearly observe the details of solid-liquid contact area through experiments due to unfavorable optical measurement condition and short impacting time [34] . For instance, it is very challenging to measure the velocity and pressure of water drops in the impacting process on structured substrate.
In the last decade, many researchers investigated the dynamic behavior of the water droplet impacted on the structured surface, which is intrinsic to the practical applications of superhydrophobic surfaces. Molecular dynamics simulation (MDS), lattice Boltzmann method (LBM) and volume of fluid (VOF) method are three primary numerical methods for studying superhydrophobic problems. J. Yan et al. [14] investigated the impact phenomenon of a nano-sized water droplet on a pillared graphite surface by MDS conducted for 1 ns with a time interval of 2 fs. The results showed that the decrease of the gaps leads to a higher contact angle and the increase of the height of pillars increase the critical velocity of the wetting transition. Sandip Khan [35] et al. also used MDS to study the transition between Wenzel state and Cassie state with varying the pillar height. The numerical analysis showed that it would take 500-600 ps to reach the equilibrium state. W. Xu [36] et al. explored heterogeneous nucleation of water droplet on surfaces with different surface free energies. The time step of 2 fs was chosen in their research, and each simulation was only carried out for 2 ns. Thus, MDS is effective at nano-scale and ns level, but not suitable to study large length and time scale, for example in millimeter and ms level due to low efficiency. LBM is a mesoscale modelling method, which is also developed to model the superhydrophobic phenomenon. Kevin [37] et al. calculated forced wetting under the gravity of a drop on the pillared superhydrophobic surface by LBM. The authors reproduced boundary conditions of the experimental contact angles of drops on a superhydrophobic surface. Lizhi [38] et al. also utilized LBM to investigate the dynamic behavior of coalesced droplet jumping on the superhydrophobic surface with randomly distributed rough structures. The timescale used in their simulation varied from microsecond to 20 ms. However, the observation results by high-speed camera approved that the impacting process of water droplet does not reach a stable state after 20 ms [39] .
VOF method is a fixed-mesh method, in which the interface between immiscible fluids is modelled as the discontinuity in characteristic function (such as volume fraction) [40] . Thus, VOF simulation can analyze the wetting state of different cases thus saves the time of fabricating and testing of different substrates. In recent years, VOF simulations of droplet impacted on structured surface have also been reported by some researchers [41] [42] [43] . Prashant [42] et al. simulated drop impacting on smooth surface with lower impact velocities. Jinliang [43] et al. investigated drop impacting on heterogeneous surface by VOF. The authors explored the relationship between non-dimensional parameters (Weber number and Ohnesorge number) and state of droplet. Karthik [44] et al. performed 3D VOF simulation and concluded that it has similar behavior as the 2D case for the same initial conditions. They also described that the entry of the drop into the gap between the pillars depends on the water hammer pressure.
The above studies investigated the dynamic behavior of the water droplet. However, limited studies reported on the prediction of the apparent contact angle of the structured surface in an equilibrium state, which can be employed to confirm the design parameters with best hydrophobicity before production. In this study, vat photopolymerization, which is a well-known (AM) process, used for fabrication of the components with micro holes. The experimental fabrication capability was investigated and the functionality of the features was tested by wettability assessment of the surfaces. 3D VOF was employed to simulate water droplet contact angle on various structured surfaces and the results were compared against the experiments.
Methodology
Additive manufacturing
The vat photopolymerization method was used as AM process [45] . The process principle is based on liquid photopolymer material in a vat, which is selectively cured by light activated polymerization. This method uses a Digital Light Processing (DLP) projector with optical micro-electro-mechanical technology that uses a Digital Micromirror Device (DMD) to selectively cure the photopolymer material. The light is projected from a source into the DMD and out of the optical lens of the projector. The workpiece in this method is produced on the build platform suspended upside down inside the polymer resin. [46] . The CAD model is used for creation of the parts and sliced for fabrication, each slice with specific pattern is projected onto the bottom layer of the resin tank. The primary layer of the light-sensitive resin cured in a selected exposure time, afterward the next layer is shaped over the previous one to make the feature [47] .
The AM machine for experimental photopolymerization used for this study was engineered, built and validated at the AM Laboratory of the Technical University of Denmark [48, 49] . Fig. 1(a) shows the AM machine and Fig. 1(b) shows the schematic of the DLP principle bottom-up projection-based. The fabrication of the part started on the build plate and the features were oriented along with the Z direction perpendicular to build plate. The build-stage resolution in the vertical direction is 0.4 μm, and the projection mask pixel spacing is 7.6 μm in the image plane. The light source of the machine tool is based on a LUXBEAM RS WQ WQXGA projector and equipped with a Projection Lens LRS-10 P/N 6501980 with x1 magnification [50] . This projector has a DMD with a 2560 × 1600 pixels array and an image plane size of 20.736 × 11.664 mm (corresponding to a 7.6 μm pitch as already mentioned above). The vertical stage of the machine tool is based upon GTen spindles with zero backlash couplings and an error of ±8 μm. The machine employs ISEL LFS-12-10 precision steel shaft guide rails with pillow blocks and the vertical stage assembly is resolved into 0.4 μm increments at the encoded positioning accuracy limit. The printing process is carried out in different steps from CAD model, selecting the printing parameters (layer thickness, exposure time, etc.), slicing and printing the part. According to prior investigation [49] , carried out for characterization of hierarchical microstructure surfaces produced by AM processes by using the same AM method, using design of experiment (DOE). The effects of the layer thickness and exposure time on the final quality were evaluated. Subsequently, the selected process parameters for this experiment are shown in Table 1 . The print direction for all samples was perpendicular to the build plate as shown in Fig. 1  (c) .
Following AM, the next step is the post-processing, which has high impact on the final part shape. Cleaning should be applied to the part that is covered with uncured polymer resin. A bath of isopropanol in a vibration plate ultrasonic cleaner bath ( Fig. 2(a) ) was used to remove uncured resin. The samples were cleaned in different positions in order to find out the best position for removing the excess resin from the components with microstructures. The efficient method as shown in Fig. 2(c) was clamping the sample upside down in the top of bath in the isopropanol. Next, pressurized air was used for drying the samples. Lastly, post-curing was applied to make sure no reactive resin residue is left on the samples and ideal mechanical properties are reached. The printed and post-processed components were exposed in a UV chamber with a diffuse UV light with an irradiant flux density of 300 W/m 2 for 30 min.
Surface design
A hole with Gaussian shaped wall profile can be characterized by the Gaussian function as shown in Eq. (1). Thus, the curve between ±3c was chosen to generate the 3D Gaussian hole by CAD software as shown in Fig. 3(b) .
The Gaussian-hole models were designed with different pitches and depths in the micro dimensional range as shown in Table 2 . All cases have structures with different pitches according to the previously optimized design parameters [14] .
Components with micro holes arrays designed for this experiment is shown in Fig. 3(a) . P is the pitch between two adjacent holes ( Fig. 3(b) ). The pitch (P) differs from 50, 70, 110 and 150 μm for samples. However, for each sample, the pitches are the same in the vertical and horizontal directions. The samples consist of a rather thick base for easier handling and removing the samples from build plate.
Measurement
Geometrical measurements
In order to evaluate the printed components with micro holes with 150 μm and 110 μm pitch features were selected for analyzing the result of the experiments as shown in Fig. 4 . Measurements were carried out on an Alicona Infinite Focus 3D microscope. The measurement procedure consisted in a stratified sampling, where each structured surface was divided into five regions (Fig. 4(a) ), where each region was subjected to a randomized sampling. Using this approach, the dimensional representativeness is improved while reducing measurement errors. In addition, a scanning electron microscope (SEM) was used for observation of the samples. Due to the non-conductivity of the polymeric material, a layer of carbon (5-10 nm thickness) was deposited onto the samples prior to SEM imaging. 
Definition of water contact angle and its measurements
As shown in Fig. 5(a) , the contact angle θ is defined as the angle formed by a liquid at the three-phase boundary where a liquid, gas, and solid intersect [51] . For a smooth surface, the contact angle can be expressed by Young's equation using surface tensions between among solid, liquid and gas. Young's equation is expressed as [52] .
where γ LG , γ SG , γ SL are the interfacial tensions coefficient at liquid/gas, solid/gas, and liquid/solid interfaces, respectively. For a determined material, its intrinsic contact angle can be calculated using Young's equation and measured by the contact angle on a smooth surface. The measurement results of intrinsic contact angle are the basic condition in the simulation setup [52] . In order to characterize hydrophobicity of various structure substrates, the contact angles of water droplets were measured using the sessile drop method by a drop shape analyser (Kruss Ltd.). The selected water droplet volume was 5 μL. For each sample, the contact angle of the water droplet was measured three times and the average value was adopted. Fig. 5(b) shows the printed components with micro holes and Fig. 5(c) illustrates micro holes 150 μm pitch with measured water drop of 91°± 2.2. For benchmarking, the water drop on a smooth flat surface of the same material was also measured, on the step next to it as 65°± 3.8, which can be regard as the intrinsic contact angle of photopolymer material (Fig. 5(c) ).
3D model for contact angle prediction based on characteristics of micro Gaussian hole
Mathematical model of VOF method
The VOF method can be applied on two or more immiscible fluids by solving a series of momentum equations and tracking the volume fraction of every fluids throughout the domain [53] . In this study water droplet impacting process is considered to take place at room temperature and the process is adiabatic. Ansys-CFD solver was employed for simulation. The general form of the mass conservation equation is shown in Eq. (3), which is valid for both incompressible and compressible flows.
where ρ is density, t is time, and v ! is fluid velocity. S m represents the source item, which means the mass added to the continuous phase from another phase or other phase. S m is zero in this research. G. K. Batchelor et al. described the conservation of momentum as [54] :
where p is the static pressure, τ is the stress tensor and expressed in Eq. (5). g ! is the acceleration of gravity, F ! is the external body forces.
where μ is the molecular viscosity, I is the unit tensor, and the second term on the right side is the effect of volume dilation. For a single water droplet, the surface tension has a significant effect on its impacting behaviour. The continuum surface force (CSF) model developed by Brackbill [55] et al. was used in this research to consider the surface tension effect. In the CSF model, the volume force (F vol ) of surface tension to the VOF numerical is a source term F ! in the Eq. (4).
For two-phase numerical calculation, the phases are represented by the subscripts 1 and 2. The volume force ( F ! vol ) can be expressed by Eq. (6), k 1 is the curvature of first phase and can be expressed by Eq. (7),n 1 is the unit normal as described in Eq. (8) .
where, σ 12 is the surface tension coefficient between two phases, and α 1 is the volume fraction of first phase. The intrinsic contact angle (θ) provides information about the wettability of ideal smooth surface. Normally, it comes from the test results. In the VOF simulation, θ is not imposed on the wall itself, but it is used to adjust the surface normal in cells near the wall [55] . Hence, it results in the adjustment of the curvature of the surface near the wall. The surface unit normal at the live cell next to the wall is represented as Eq. (8).
n ¼n wall cosθ þt wall sinθ ð9Þ wheren wall andt wall are the unit vectors normal and tangential to the wall, respectively. The Weber number (We), is often useful in analyzing fluid flows of an interface between two different fluids, is a dimensionless parameter. It represents the ratio of the inertial force to the surface tension force. The Weber number (We) is given by Eq. (10).
where l is its characteristic length, typically the droplet diameter.
Computational setup
The 3D geometry models used in the VOF simulation are based on Table 2 . The water droplet spreading behaviour of four different structures surface with pitch from 50 to 150 μm were simulated by VOF method. The computational setup for the VOF simulation is shown in Table 3 .
Since the model with Gaussian shaped hole and water droplet are symmetric, a one-quarter symmetric model was used in this research. The 3D computational domain and boundary conditions of the hole with Gaussian shaped wall profile are illustrated in Fig. 6(a) . The dimension of the computational domain is 4 mm × 4 mm × 4 mm and the textured area is 2 mm × 2 mm. All the sidewalls are set as a symmetry boundary condition. A rigid no-slip wall boundary condition with 65°s tatic contact angle is imposed at the structured surface. The initial state of water droplet is shown in Fig. 6(b) . All the contact angle measurement is a quasi-static state, which means the water droplet has a lower impacting velocity with substrate at initial moment. Thus, in this research, the water droplet has a small distance of 40 μm to the substrate, thus the impacting velocity is about 0.03 m/s and the Weber number is about 0.026. In addition, the total computational time for all the case is 200 ms in order to make sure water droplet has sufficient time to spreading and realize a stable contact angle.
Results and discussion
Printed features evaluation
Fig . 7 shows the WCA measurements on the printed surface and the SEM image of the micro-holes arrays in different pitches with different magnifications. All the components with micro structured surfaces were printed. Better results were obtained with pitch P110 and P150. On the contrary, the geometry of smaller features with pitch of 70 μm (P70) and of 50 μm (P50) was not manufactured accurately and their circular shape was not properly printed. Fig. 8 presents the diameter measurements in five selected areas as mentioned in the geometrical measurements section for P150 and P110. For each area, there were around 20 measurements and the standard deviation was calculated from the same zone. It can be seen that the micro holes are almost evenly separated in different areas. However, in the center of the features in the 5th area more uniform results were obtained with less deviation. 3D surface morphologies of the printed parts in different pitches are represented in Fig. 9 . In the smaller features P70 and P50, the depth of the holes were not uniformly printed in all samples, and height variations were observed all over the sample. This dissimilarity could be due to the shrinkage of the polymer material after post curing or printing process such as pixel spacing limitation in the lower layers near to the bottom of the holes as illustrated in Fig. 7(b) in the highest magnification the transformation of geometry in different layers is visible. Another cause for the depth variation could be due to challenges in the postprocessing in cleaning the micro holes to remove the uncured resin. Then, if the uncured resin is not properly removed from the printed holes, in the next step of post-processing in the UV oven it will be cured and affect the geometry of the components with micro holes.
Simulation values in comparison to experiments
Spreading and recoiling process of water droplets at different substrates are shown in Fig. 10 from 10 to 200 ms. In 10 ms, with increase of pitch, the P110 and P150 substrates have significantly larger spreading diameter than the P50 and P70 substrates. In general, when the water droplet makes an impact on a solid surface, it starts spreading rapidly in the radial direction on the surface. The height of water droplet decreased continuously until the vertical velocity component reduced to zero, which is called impact stage. Then, the droplet started to recoil due to the surface tension effect of the water droplet, which resulted in the raising of the droplet. With further increase in time, the velocity vector decreased gradually, then the water droplet starts to spread on the substrate. At 200 ms, the water droplet reached an equilibrium state. Specially, the P110 and P150 substrates have significantly larger spreading diameter than the P50 and P70 substrates at 10 ms, due to pinning effect induced by micro hole with Gaussian shaped wall profile is more significant for the sample with small pitch. Fig. 11(a) shows the variation of the maximum height of water droplet on different samples with time. For all the cases at 0-100 ms, the oscillation of droplet exhibited a form of damping vibration and a decreasing trend of oscillation amplitude was observed. The sample P70 has larger height than others. Fig. 11(b) displays the variation of the maximum diameter of water droplet on different samples with time. First, all the samples have stable maximum diameter after 50 ms, which means the water stop spreading in the horizontal direction. Thus, the vibration only occurs in vertical direction due to the maximum height still change as shown in Fig. 11(a) . Especially, the sample P70 has smallest value of stable maximum diameter than other samples, which means the water droplet has less spreading and larger contact angle on the P70 sample than other samples (Fig. 11(b) ).
Knowledge of average pressure of air pockets underneath the water droplet during their interaction help reveals the root mechanism behind different wetting state of varied samples. Fig. 12 shows the variation of average pressure in the square area with length of four times of pitch on the substrate. For all substrates, the average air pocket pressure shows an increasing trend in the initial formation stage due to air trapped in the structures gradually. However, the air pockets are metastable, the average pressure of air pockets keep constant in a very short time than start decrease with the wetting process of water droplet. For P70 sample, it has larger pressure than other samples, which help prevent the spreading and wetting of water droplet on the substrate.
In order to evaluate the hydrophobic property of four different surfaces, the apparent contact angle of water droplet at 200 ms was measured based on image processing carried out with a dedicated analysis software (Digimizer). Fig. 13 shows the equilibrium states of water droplets. Fig. 14(a) shows the comparison between the predicted and the measured contact angles. With the increase of the pitch, the contact angle first increased then decreased in both simulation and experimental results with a similar trend. For simulation results, P70 substrate has the maximum value of contact angle with 109.3°. However, the P110 substrate has the maximum contact angle with 113°±5.4. In order to explain the variation between the experimental and the simulation results the cross sections of the height profile for both the design and additively manufactured components at P110 and P150 are shown in Fig. 14(b) . For both P150 and P110 substrates, the actual value of the width of Gaussian hole 6c is larger than optimized value, which result in decrease fraction of solid-liquid contact area. Consequently, the real contact angle will be larger than the predicted value. It concludes that the dissimilar profiles of the additively manufactured sample will affect the pressure of air pockets underneath the water droplet and result in different contact angles in comparison with the design.
Conclusion
This research addressed an investigation on direct fabrication of microstructure features by vat photopolymerisation and dynamic behavior simulation for contact angle prediction. Holes with Gaussian shaped wall profile in different pitches were. It was found that this method has enabled the possibility of direct fabrication of the components with micro/nano-structured surfaces by applying proper process parameters and post-processing method. The reliability of the printing procedure was evaluated for uniform microstructured all over the surfaces at P150 and P110. A wettability test was carried out revealing hydrophobic surface for all the samples. Besides, three-dimensional VOF simulations were applied to predict 
